Abstract Despite being an essential part of the marine food web during periods of ice cover, sea ice algae have not been studied in any detail in the Bering Sea. In this study, we investigated the diversity, abundance and ultimate fate of ice algae in the Bering Sea using sea ice, water and sub-ice sediment trap samples collected during two spring periods in 2008 and 2009: ice growth (March-midApril) and ice melt (mid-April-May). The total ice algal species inventory included 68 species, dominated by typical Arctic ice algal diatom taxa. Only three species were determined from the water samples; we interpret the strong overlap in species as seeding of algal cells from the sea ice. Algal abundances in the ice exceeded 10 7 cells l -1 in the bottom 2-cm layer and were on average three orders of magnitude higher than in the water column. The vertical flux of algal cells beneath the ice during the period of ice melt ([10 8 cells m -2 day -1 ) exceeded export during the ice growth period by one order of magnitude; the vertical flux during both periods can only be sustained by the release of algae from the ice. Differences in the relative species proportions of algae among sample types indicated that the fate of the released ice algae was species specific, with some taxa contributing to seeding in the water column, while other taxa were preferentially exported.
Introduction
Seasonal sea ice is among the most defining features of the subarctic Bering Sea shelf, influencing both the physical and biological structure of the water column not only during periods of ice cover but throughout the year (Hunt et al. 2008; Stabeno et al. 2010 Stabeno et al. , 2012 . Although there is high inter-annual variation, at its annual maximum the ice can cover the entire Bering Sea shelf, extending over an average of 200,000 km 2 before completely retreating during the ice-free summer (Wendler et al. 2013) . The ice impacts the climate, oceanography and productivity of the Bering Sea, mediating the exchange of heat and gases between the atmosphere and the water, influencing light availability, water temperature and salinity, and providing a physical habitat that is essential for many marine mammals. Ice extent and the timing of ice melt dictate the development of primary production in the water column, and the ice itself supports a rich growth of ice algae long before the first spring phytoplankton bloom.
High chlorophyll concentrations have been found within the Bering Sea ice, indicating a substantial standing stock of ice algae (Alexander and Chapman 1981) . The relative contribution of Bering Sea ice algae to total annual primary production is estimated to be up to 10 % (McRoy and Goering 1974; R. Gradinger, unpublished data) , similar to other Arctic shelf areas although substantially less than for the central Arctic where permanent ice cover maintains ice Electronic supplementary material The online version of this article (doi:10.1007/s00300-015-1783-z) contains supplementary material, which is available to authorized users. algal growth (e.g., Gosselin et al. 1997) . Despite the generally acknowledged importance of ice algae as a food source for sympagic, pelagic and benthic organisms in the Arctic (Bluhm and Gradinger 2008) , only a few sporadic observations exist regarding the diversity of the Bering Sea ice algal community, and little is known about its connection with the underlying phytoplankton and its ultimate fate during the annual spring ice melt.
Across the Arctic and subarctic seas, ice algae are a crucial first food source for zooplankton in the early spring (Tourangeau and Runge 1991; Michel et al. 2006; Durbin and Casas 2014) , as ice algal blooms can precede phytoplankton blooms by as much as 3 months (Leu et al. 2011) . Ice algae also contribute a significant proportion to the total carbon export to the benthos, providing a high-quality food source for benthic organisms even in the deep Arctic basins (Boetius et al. 2013 ). On the shallow Bering Sea shelf, which has an average depth of only 65 m ), this connection allows for tight benthic-pelagic coupling (Grebmeier 1988) , but the partitioning of the vertical flux of organic matter beneath the ice between phytoplankton and released ice algae in this region has not been determined (Cooper et al. 2013) .
Recent studies have shown that ice-derived organic material, including ice algae, can contribute substantially to suspended pelagic biomass (Pineault et al. 2013) . And in some seasonally ice-covered seas, ice algae may continue growing in the water column after ice melt, seeding the spring phytoplankton blooms and further extending their importance in the ecosystem (e.g., Michel et al. 1993; Haecky et al. 1998) . For the Bering Sea, this concept has been supported by ecosystem modeling studies (Jin et al. 2007 ) and observations of marginal ice zone blooms (Schandelmeier and Alexander 1981) , but direct evidence for seeding has been lacking due to the absence of ice algal diversity data.
Based on the above-outlined substantial gaps in our understanding of early spring sea ice algal and phytoplankton bloom characteristics, we defined three major objectives for this study: first, to characterize the diversity and abundance of the Bering Sea ice algal community during spring periods of ice growth and ice melt; second, to determine the influence of ice algae on the phytoplankton community during these periods; and third, to assess the possible fates of ice algae during ice melt through the examination of ice, water and sub-ice sediment trap samples. We hypothesized that ice algal abundance would exceed that of the phytoplankton until the start of the iceedge bloom, which we expected to coincide with a significant increase in vertical flux rates; we further hypothesized that ice algae would contribute to seeding the iceedge phytoplankton bloom.
Materials and methods

Sample collection
The Bering Sea shelf was extensively studied during the Bering Sea Ecosystem Studies (BEST) program. As part of this program, ice algae and phytoplankton were collected from across the shelf south of St. Lawrence Island ( Fig. 1 ; 58.21°-63.48°N; 167.75°-178.90°W) during three spring cruises on the USCGC Healy: HLY0802 April 4-30, 2008; HLY0901 March 17-27, 2009; and HLY0902 April 7-May 2, 2009 . We defined two spring periods based on observed changes in the vertical temperature gradients in the sea ice (R. Gradinger, unpublished data): The ice growth period was defined as prior to day 100 of the year (i.e., April 9-10), while the ice melt period was defined as extending from day 100 of the year until the end of our sampling. Ten stations were selected during each period for a total of 20 stations. This approach eliminated effects of regional and inter-annual differences in the physical growth regime of the ice algae.
From each station, algal samples were collected from the ice, water and sub-ice sediment traps. Samples were collected from stable ice floes 500 m to several kilometers in diameter, accessed either by helicopter or by ship. Sample sites were a minimum of 300 m from the ship and selected to be downwind and outside of the ship's shadow to minimize impacts from the ship. Ice cores were obtained using a Kovacs ice corer (diameter 9 cm). The bottom 2 cm of the ice cores was used for the analysis of the algal community; this segment was melted at 4°C in 200 ml of filtered sea water over a period of 20 h to prevent osmotic stress to the ice algae (Garrison and Buck 1986) . Phytoplankton was collected at 5 m water depth through a core hole in the ice using a Kemmerer water sampler. To determine the vertical flux rate of algal cells, cylindrical sediment traps (KC Denmark; diameter 10 cm, 1:10 aspect ratio) filled with filtered seawater were deployed beneath the ice at a depth of 5 m for 4-6 h, depending on the limitations of the ship schedule. Because of the generally slow sinking rate of algal cells (\50 m day -1 ) and horizontal displacement from ocean currents, we consider it unlikely that any cells released from the ice due to deployment artifact would have any impact on the recorded flux rate. All algal samples were fixed in a 1 % final concentration of buffered formaldehyde-sea water solution.
Samples from HLY0902 were lost; however, a second set of ice and sediment trap samples were taken on this cruise for a separate study. These samples were collected as described above, but melted ice and trap samples were concentrated over a 20-lm Nitex screen prior to fixing. We justify our use of these samples in the context of this study for the following reasons: Small cells (\20 lm) contributed \5 % to the algal abundance in the ice and traps in the original non-filtered samples from 2008; furthermore, we found no significant differences when we compared ice algal abundance (cells l -1 ) and vertical flux rate (cells m -2 day -1 ; t tests, p [ 0.05 for both comparisons), and the relative species composition in ice and trap samples (PERMANOVA, p [ 0.05 for both comparisons) between the filtered samples from 2009 and non-filtered samples from the same time period in 2008. In addition, a recent review suggested that in the Alaskan Arctic, small cells (\20 lm) contribute only 4 % to the species richness of ice algae (Poulin et al. 2011) . Therefore, we combined the data from the concentrated samples from HLY0902 and original samples from the two previous cruises in our analysis, and focused our analysis on microalgae from 20 to 200 lm.
A set of environmental variables was recorded at each station. Ice thickness was recorded from the length of ice cores, and snow depth was averaged from ten random measurements at each station. Approximate percent ice cover and primary ice type were recorded by shipboard observers; primary ice type was assigned a numerical value according to Eicken et al. (2010;  i.e., (1) frazil, (2) grease, (3) brash ice, (4) dark nilas, (5) light nilas, (6) pancakes, (7) young gray ice, (8) young gray white ice, (9) first-year white ice). A CTD (Seabird SBE 19plus) was lowered by hand through auger holes in the ice to measure vertical profiles of temperature, salinity and light intensity in the PAR range (Biospherical QSP-2300L scalar; 400-700 nm) in 1-m increments from the surface to approximately 20 m depth. For comparison among stations and relation to ice data, we used the light data at 2 m depth and covered the drill hole with snow to minimize errors due to the corer hole (Petrich et al. 2012) . For inorganic nutrient analysis (i.e., nitrate, phosphate, dissolved silicon, Gordon et al. 1993) , surface water samples were collected from the ship using Niskin bottles. Nutrients and other environmental data used, as well as the methodologies applied in this study, are available online at http://beringsea.eol.ucar.edu/. Day length at each station was calculated using the US Naval Observatory Web site (http://aa.usno.navy.mil/data/ docs/rs_OneDay.php).
Analysis of algae
All samples of algae were processed at the University of Alaska Fairbanks in 2013-2014. After bringing algal cells into homogenous suspension by hand, we concentrated 5-50 ml of each sample using the Utermöhl settling method (Edler and Elbrächter 2010) , depending on cell abundance. Samples were analyzed under an inverted microscope (Zeiss Axiovert 35) with phase contrast at 4009 within 48 h of the start of settling. Abundance data were based on the enumeration of representative subsamples, according to the sampling procedures outlined in the UNESCO phytoplankton manual (Edler and Elbrächter 2010) , with a minimum of 500 cells counted per sample. Empty cells were recorded, but not included in abundance counts. Diatoms were identified to the species level whenever possible; all names were verified with the most recent entries in the World Register of Marine Species (WoRMS, accessed May 2014). Flagellates were counted but not identified, due to the limitations of our methodology and our focus on cells [20 lm.
After quantification by light microscopy, we processed the subset of ice algal samples with sufficient remaining biomass for more refined taxonomic analysis. We cleaned ten samples using a 1:1 ratio of 5.25 % sodium hypochlorite and water to clear the organic material from the diatom frustules (Carr et al. 1986 ), then fixed a portion of each sample to a slide using Naphrax (Phycotech) with a refractive index of 1.73 (Hasle and Fryxell 1970) and examined it under an inverted microscope (Zeiss Telaval 31). The remaining material was filtered onto a 0.8-lm Nuclepore filter and allowed to dry overnight, before being sputter-coated with gold and visualized using scanning electron microscopy with an electron microprobe (JEOL JXA-8530F). This non-quantitative species analysis was used to enhance the recorded diversity of the ice algal community, but these species were not included in speciesspecific algal abundances. Water and sediment trap samples were not reexamined, as there was insufficient biomass remaining in those samples.
Statistical analyses
Based on observations of vertical temperature gradients in the Bering Sea ice during this study (R. Gradinger, unpublished data), we defined two time periods a priori: the period of ice growth and the period of ice melt. This division was later confirmed through the analysis of a multidimensional scaling plot (see ''Results'' section, Fig. 3 ). Eight environmental variables were compared based on the ten stations each for the ice growth period and the ice melt period using two-sample t tests: percent ice cover, snow depth, ice thickness, light intensity 2 m beneath the ice, surface salinity, and surface water concentrations of nitrate, phosphate and dissolved silicon. Primary ice type was compared between ice growth and ice melt periods using a one-way ANOVA.
We extrapolated the diatom species richness in each sample set using EstimateS software (Colwell 2013) to create rarefaction curves with Chao 1 and Chao 2 biascorrected formulas. This approach allowed for the prediction of the actual diatom species richness in ice, water and sediment trap samples assuming a maximum of 100 samples in each of the three sample sets. In species richness estimates, those species identified only to genus level and those which were unique but unidentifiable (spp.) were included in the species count. To compare the overall species composition between the three sample types, we performed a permutational multivariate ANOVA (PER-MANOVA, Anderson 2001) based on Bray-Curtis dissimilarity matrices using PRIMER E v. 6. Because abundances among samples types were of different orders of magnitude, we used relative species abundances (as % of total) to standardize the data across the three sample types.
We determined the contribution of each species to the differences among sample types during each period using the similarity percentages routine (SIMPER) in PRIMER on relative species abundances. This allowed us to compile a list of those species that individually contributed 5 % or more to the dissimilarity between any two sample types. To compare the proportions of these individual species among sample types during each period, we performed ANOVAs on relative species abundances from each period with sample type as the factor. The data were square-root-transformed to meet assumptions of homoscedasticity; however due to the high variability that is characteristic of biological data, data of one species still failed to meet the assumption (Paralia sulcata, Brown-Forsyth test, p \ 0.05).
We determined correlations between the community composition in the ice, water and traps using a Mantel's test (Mantel 1967) in the R package vegan. Correlations between seven environmental variables (day length, percent ice cover, primary ice type, snow depth, ice thickness, light levels beneath the ice and nutrient concentrations in the water) and ice algal abundance, phytoplankton abundance and vertical flux rates were made using PRIMER's BEST-BIOENV routine with 99 permutations.
We compared algal abundance and vertical flux rate between years and periods using two-sample t tests. Comparisons between years were conducted using only overlapping dates (April 4-28). Phytoplankton abundance was not included in the analysis by year, as water samples were unavailable during April 2009.
Results
Environmental conditions
The environmental conditions were distinctly different for the two selected periods of growing versus melting sea ice (Fig. 2) . The ice growth period had significantly thicker ice, ranging from 0.50 to 1.00 m and a mean of 0.82 m compared to 0.35 to 0.90 m, and a mean of 0.55 m for the melt period (t test, p \ 0.05). The primary ice type also was significantly different between periods, with more white first-year ice and young gray white ice during ice growth compared to a wide range of ice types during the ice melt phase (ANOVA, p \ 0.05). The day length during ice growth was significantly shorter (t test, p \ 0.05), ranging from 11.87 to 13.88 h with an average of 12.62 h before day 100 (ice growth) compared to 14.00 to 16.57 h with a mean of 15.05 h after day 100 (ice melt). The percent ice cover and snow depth values were slightly higher during ice growth, and the light intensities beneath the ice were slightly lower compared to during ice melt conditions; however, none of these differences were significant (t test, p [ 0.05 for all comparisons). There were no significant differences in surface water nutrient concentrations (nitrate, phosphate and dissolved silicon) or surface salinities between the ice growth and ice melt periods (t test, p [ 0.05 for all comparisons). Nutrient concentrations and surface salinities were high at all stations (averaging 9.82 ± 5.54 lM nitrate, and 32.07 ± 0.75 salinity); surface water temperatures were all consistently low (averaging -1.73 ± 0.04°C). A multidimensional scaling plot of the above environmental variables showed the clear separation in environmental conditions at stations sampled during the period of ice growth and the period of ice melt (Fig. 3 ).
Diversity and abundance
Diatoms overwhelmingly dominated algal abundance in both the ice and the water (97 % and 98 %, respectively, with the remainder being unidentified flagellates). A total of 71 diatom species were found (50 identified to species level, 21 identified to genus): 68 in the ice, 35 in the water and 41 in the sediment traps (Table 1) . Fifty ice algal species could be distinguished using light microscopy and were, therefore, used in abundance and species composition analyses; the rest were added from SEM and cleaned sample analyses. Rarefaction curves were used to extrapolate the actual diatom species richness in each sample set (Fig. 4) . The species richness maximum in the ice of 63 species was reached at 80 samples, while in the water and sediment traps, the asymptote was reached at 50 samples with an estimate of 43 species in the water and 48 in the traps. Including the species identified in the ice based on the SEM and cleaned sample analysis, the estimation of diatom species richness increased to 82 species at 80 samples.
Only 15 of the 52 species quantified using light microscopy contributed more than 5 % to the total abundance in any one sample and were considered ''abundant'' (Table 1) . Of the remaining species, 18 were very rare and appeared in one or two samples only. The algal abundances in ice, water and sediment trap samples were all dominated by Fragilariopsis spp. All of the abundant and frequently occurring species (those found in over 50 % of the samples by sample set) were found within all three sample types; no numerically important species was associated exclusively with ice, water or sediment trap samples.
The abundance of ice algae (Table 2) increased significantly between the ice growth and the ice melt periods (t test, p \ 0.05). During ice growth, ice algal abundance was highly variable and averaged 15.6 9 10 6 cells l -1
with a coefficient of variation (CV) of 158.1 %; during ice melt, ice algal abundance averaged 58.5 9 10 6 cells l -1
with a CV of 86.0 %. Abundances in the ice were significantly higher than those in the water (t test, p \ 0.05); on average, ice algal abundance was three orders of magnitude higher than that of the phytoplankton. Phytoplankton abundance did not change significantly between periods (t test, p [ 0.05) but was highly variable among stations, averaging 5.72 9 10 3 cells l -1 with a CV of 141.8 % during ice growth and 24.5 9 10 3 cells l -1 with a CV of 99.8 % during ice melt.
Vertical flux rate in relation to ice algal and phytoplankton abundance
The vertical flux of algal cells beneath the ice (Table 2) was significantly higher during ice melt compared to ice growth (t test, p \ 0.05). During ice growth, flux rates averaged 4.16 9 10 7 cells m -2 day -1 with a CV of 131.9 %, while during ice melt, they averaged 1.19 9 10 8 cells m -2 day -1 with a CV of 112.9 %. There was no significant difference in ice algal abundance or vertical flux rate between years (p [ 0.05 for both comparisons); comparisons of phytoplankton abundance could not be made as water sampling dates did not overlap between years.
There was no significant correlation between ice algal abundance, phytoplankton abundance or vertical flux rate and the environmental variables measured (day length, percent ice cover, primary ice type, snow depth, ice thickness, light levels beneath the ice, nutrient concentrations in the water) during either ice growth or ice melt periods (BEST-BIOENV, p [ 0.05 for all comparisons).
Fate of ice algae
During ice growth, the species composition in the ice was significantly different from that in the water and the traps (Clarke 1993) . Values for ice types: (1) frazil, (2) grease, (3) brash ice, (4) dark nilas, (5) light nilas, (6) pancakes, (7) young gray ice, (8) young gray white ice, (9) first-year white ice based on relative species abundances (PERMANOVA, p \ 0.05 for both comparisons). There was no difference in the composition in the water and the traps during ice growth or ice melt (PERMANOVA, p [ 0.05 for both comparisons). However, during ice melt, the composition Coefficient of variation (CV; SD/mean) reported as percent of the mean. Proportion of abundance comprised of empty frustules in each sample set during ice growth and ice melt periods 
Bold indicates dominant species (contributing [5 % in at least one sample). ''O'' designates infrequent species appearing in two or fewer samples, and ''X'' designates species appearing in more than two samples. ''$'' designates species found only through SEM and cleaned sample analysis in the ice and the water was no longer significantly different (PERMANOVA, p [ 0.05), while the ice algal composition remained different from that found in the trap samples (PERMANOVA, p \ 0.05). Only six species were individually responsible for 5 % or more of the dissimilarity in community composition among sample types based on SIMPER analyses, and, therefore, were used for comparisons among sample types. During ice growth, these species included Fragilariopsis spp., Nitzschia frigida, P. sulcata and Chaetoceros spp.
(the latter of which were unfortunately unidentifiable to species level due to the poor condition of the cells), which together contributed 57 % of the difference among sample types. During melt, the same species were important with the exception of Chaetoceros spp. while Pauliella taeniata and Fossula arctica also contributed substantially; together, these five species were responsible for 72 % of the difference among sample types.
When the relative proportions of these key species were individually compared between ice, water and traps, we found several differences (Fig. 5) . During the ice growth period, there were significantly lower proportions of N. frigida in the water and traps as compared to in the ice (ANOVA, p \ 0.05). When all centric diatoms were grouped, there were significantly higher proportions in the water and traps than in the ice (ANOVA, p \ 0.05 for both comparisons). During the ice melt period, once again there were significantly lower proportions of N. frigida and higher proportions of centric diatoms in the water and traps when compared to the ice (ANOVA, p \ 0.05 for all comparisons). There were also significantly higher proportions of ribbon chain-forming diatoms (i.e., Fragilariopsis spp., F. arctica, P. taeniata) in the traps than in the ice (ANOVA, p \ 0.05).
We looked for correlations in the proportion of dominant species among sample types using a Mantel's test. During both periods, the species composition in the water and the traps was significantly correlated (r = 0.30, r = 0.34, for ice growth and ice melt, respectively; p \ 0.05 for both correlations). During ice melt, the composition in the ice and the water was also significantly correlated (r = 0.41, p \ 0.05). No other correlations among sample types were significant.
Discussion
We present the first quantitative assessment of the Bering Sea ice algal community composition and the first direct examination of the connection between algal communities from the ice and water, and the vertical flux beneath the ice in this region. This study showed a highly abundant and diverse ice algal community, coupled with a very similar phytoplankton community that remained at low abundance throughout the study period. The similarity of species between ice and water was also reflected in the composition of the substantial vertical flux of exported algal cells captured in sediment traps even in early spring. We will first discuss the environmental conditions found during the course of this study, which occurred during a cold period in the Bering Sea. Secondly, we will describe the diversity in the ice, water and sediment traps in comparison with other subarctic and Arctic regions. Thirdly, we will compare the abundance of cells in the ice and the water, and the vertical flux rate beneath the ice, and describe how these changed between ice growth and ice melt periods in the spring. And finally, we will discuss what our results can tell us about the ultimate fate of ice algae in the Bering Sea.
Environmental conditions
The ice extents during 2008 and 2009 were among the greatest in the Bering Sea since the 1970s, extending south of St. Paul Island into the southern Bering Sea (Sigler and Harvey 2010) . Therefore, throughout both pre-defined periods in the study (ice growth and ice melt), the Bering Sea remained an ice-dominated system (Wendler et al. 2013). Ice cover was extensive at all stations sampled, with only two stations displaying \75 % coverage. Nevertheless, we detected significant differences in the ice conditions between the period of ice growth and ice melt, revealing a transition from thicker first-year ice from March to mid-April to thinner, more variable ice types from mid-April to May. Although ice thickness significantly decreased from the period of ice growth to ice melt, it remained substantial throughout the sampling period with a minimum observed thickness of 0.40 m on sampled ice floes; it should be noted that our sampling efforts favored un-deformed ice floes of sufficient thickness to walk on for safety reasons and, therefore, should not be considered representative of the entire region. Ice floes were typically between 500 m to several kilometers in diameter. Thick ice and snow cover resulted in low light levels beneath the ice; however, the average of 10 lmol photons m -2 s -1 was well above the minimum requirements needed to allow for ice algal growth (*1 lmol photons m -2 s -1 ; Mock and Gradinger 1999), explaining the high ice algal abundance within the ice even in early March.
Diversity of ice algae and phytoplankton
Traditionally, diversity among Arctic flora and fauna was believed to be quite low relative to temperate and tropical regions, due to the harsh climate and comparative instability of environmental conditions (Sanders 1968) . However, recent studies changed this paradigm for marine microalgae, and the diversity in the Arctic is in fact higher than predicted. Poulin et al. (2011) compiled a list of 2106 marine microalgal species in the Arctic (1027 in the ice, 1874 in the water), which is a large number considering a current inventory of only approximately 5000 phytoplankton species worldwide (Tett and Barton 1995) . The same study underscored the strong regional disparity of available inventory information for Arctic microalgae. Some regions (e.g., Hudson Bay, the Norwegian Barents Sea, the Beaufort and Chukchi seas) have been thoroughly explored, with each subject to over a dozen studies documenting algal diversity, while other areas-including the Bering Sea-remained virtually unexamined.
For sea ice, Bering Sea data had previously been limited to the examination of two ice cores taken in the 1970s (Schandelmeier and Alexander 1979) . In addition to the 15 diatom species from those surveys (with the exception of Ditylum brightwellii and Actinoptychus undulatus; Schandelmeier and Alexander 1979), we found 55 others that were previously unknown to occur in Bering Sea ice (Table 1) . This substantial increase in diatom species richness is likely due to the tenfold increase in the number of samples processed, plus the addition of scanning electron microscopy and the examination of cleaned samples, which further increased our species inventory. Our inventory is still incomplete, as rarefaction curves suggest a total species inventory of 82 sea ice diatom taxa for the larger size classes we studied.
Our results differ from the ice algal community data in the Bering Sea based on molecular techniques (Durbin and Casas 2014) , which listed less than a third of the number of diatom species found in our study (23 vs. 67 ). This difference is likely due to the use of Lugol's-fixed algal samples in that study, which is not ideal for sequencing. However, 11 of the species found through sequencing were not identified in our study, specifically taxa where our information was limited to the genus level (e.g., Navicula spp., Nitzschia spp.). This suggests that molecular techniques are a useful tool for further enhancing our understanding of Bering Sea algal diversity.
On a pan-Arctic scale, the diversity of ice algae is highly variable and likely still under-sampled; with 67 species, the observed species richness of diatoms in the Bering Sea ice in this study was higher than the species richness of diatoms in the Kara Sea (11 species; Druzhkov et al. 2001 et al. 2003) . It should be noted, however, that species richness estimates depend greatly on the sampling effort and the methodology of identification, as demonstrated in this study where species richness increased substantially in the ice when (a) extrapolated over a higher number of samples and (b) analyzed with the addition of scanning electron microscopy. Therefore, caution should be used when comparing species richness across studies.
The Bering Sea ice algal community was composed of both polar and polar/temperate species, but was more similar to ice algal communities in Arctic regions than to other subarctic seas. In the Okhotsk Sea-a subarctic sea which lacks the Bering Sea's Arctic connection-the spring sea ice is overwhelmingly dominated by centric diatoms common to the Pacific (e.g., Odontella aurita, Thalassiosira punctigera, Detonula confervacea; McMinn et al. 2008 ), which were rare or absent in the Bering Sea. The brackish Baltic Sea has a more similar community of polar diatoms through its relic connection to the Arctic, but the dominant Bering Sea taxa (i.e., Fragilariopsis spp.) is not common there (Ikavalko and Thomsen 1997; Haecky et al. 1998) . The Barents Sea also shares many polar species with the Bering Sea, but its dominant species (i.e., Nitzschia promare, Synedropsis hyperborea and Chaetoceros spp.; Falk-Petersen and Sargent 1998; Hegseth 1998) only rarely appeared in Bering Sea ice. The high abundance of N. frigida and Fragilariopsis spp. in the Bering Sea is characteristic of Arctic regions, including the Beaufort Sea (Horner and Schrader 1982; Ró _ zańska et al. 2009 ), the Canadian Arctic (Fortier et al. 2002; Melnikov et al. 2002; Tremblay et al. 2006) , and the Norwegian Sea (McMinn and Hegseth 2004; Leu et al. 2010 ). However, there was one major difference between Bering Sea and other Arctic ice algae: the near-absence of Melosira arctica, a chain-forming centric diatom primarily found on multiyear ice, is ubiquitous in nearly all Arctic regions and can contribute a substantial amount to the overall biomass of Arctic ice algal communities (e.g., Poulin et al. 2014) . It should be noted that M. arctica was observed in high abundance during a BEST cruise in Bering Sea in May/ June 2010, suggesting possible seasonal or interannual variability in its occurrence in this region, potentially linked to changes in the sea ice regime (Wang et al. 2014) .
Among the phytoplankton, we found a subset of the same species as in the ice, with the exception of one Cocconeis species, which was found in only a single water sample from a shallow station (depth 38 m). A 1977 survey of the Bering Sea phytoplankton (Schandelmeier and Alexander 1979) found similar species in March to those in this study, although they recorded only 12 species. At each station, phytoplankton diatom species richness was below the value in the sea ice, as observed in previous Arctic studies (e.g., Poulin et al. 2011) . With a total of 32 species, the species richness of diatoms in the Bering Sea phytoplankton was higher than found beneath the ice during the spring in the Kara Sea (eight species; Druzhkov et al. 2001) and the Arctic Ocean (30 species; Booth and Horner 1997), but lower than in northern Baffin Bay (70 species; Lovejoy et al. 2002) . These regional comparisons are biased by differences in sampling effort and methodology. In addition, different time periods of sampling during the seasonal cycle also make comparisons difficult, as phytoplankton communities undergo extensive seasonal succession, and annual species richness at a single location can exceed 240 species (e.g., Hsiao 1983) .
There is considerable reciprocation between phytoplankton and ice algal communities in Arctic and subarctic seas. Not only can ice algae seed phytoplankton blooms, but in seasonally ice-free regions such as the Bering Sea, newly forming sea ice is often seeded from existing phytoplankton populations by the scavenging of frazil ice (Ikavalko and Gradinger 1998; Riedel et al. 2007; Ró _ zańska et al. 2008) . Given the strong interactions between ice and water column, there are only a few truly endemic ice algal species in the Arctic (e.g., N. frigida, M. arctica, N. promare; Ambrose et al. 2005; Poulin et al. 2011) , and of these, only N. frigida was abundant in the Bering Sea. N. frigida has previously been recorded among the Arctic phytoplankton (e.g., Booth 1984; Druzhkov et al. 2001) , but always as a remnant from the ice.
The striking similarity between Bering Sea phytoplankton and ice algal communities varies over space and time. Spatial patterns in spring phytoplankton communities show increasing dominance of ice algal species with proximity to the ice edge (Schandelmeier and Alexander 1981) . The similarity to ice algal communities diminishes as the phytoplankton composition shifts in late spring/early summer to a centric diatom-dominated community (Taniguchi et al. 1976 ), similar to other Arctic regions (e.g., Michel et al. 1997; Haecky et al. 1998; von Quillfeldt 2000; Tamelander and Heiskanen 2004) . Ice-associated species are replaced by pelagic centric diatoms such as Thalassiosira nordenskioeldii and T. decipiens, which were rare or absent during this study, although some pennate species (e.g., F. arctica, Navicula spp.) continue to be found in high abundance in some parts of the water column (Taniguchi et al. 1976 ). Other taxa, including the often colonial phytoflagellate Phaeocystis sp., appear in high abundance among the phytoplankton later in the summer (e.g., Flint et al. 2002) , but were entirely absent from our study, underscoring the dramatic transition that occurs in the phytoplankton assemblages.
The algal species composition in the sediment trap samples was very similar to that found in the ice and water. Of the 38 species identified from the traps, all but two very rare taxa (A. undulatus and C. costata) which occurred as single individuals in a single trap sample were present in the ice. A. undulatus has been previously recorded in Bering Sea ice (Schandelmeier and Alexander 1979) so it may occur within in the ice in low abundances, while C. costata may have been advected onto the shelf, or possibly resuspended from the sediments. Over three-quarters of the rare ice algal species (those appearing only in one or two samples) did not appear in the traps, suggesting that the short (4-6 h) deployment time may not have been sufficient to capture the rare species. However, all abundant species were found throughout all three sample types with no separation between the ice, water and vertical flux in terms of species inventories during the spring.
Abundance of ice algae and phytoplankton
The abundance of ice algae during ice melt is among the highest reported for both subarctic and Arctic regions, although surpassed by abundances at individual stations from the Canadian Arctic and the Beaufort Sea (Hsiao 1980; Horner and Schrader 1982) . Those stations were sampled in late May, and ice algal abundance in the Bering Sea may have been similarly high at that time, although the light regime in these northern regions in May would be similar to what is found in the Bering Sea earlier in the Polar Biol (2016) 39:309-325 319 spring. The high abundance in the Bering Sea ice may be due to the nutrient-rich underlying water, which was higher than in most subarctic and Arctic seas (e.g., Gradinger 2009). The absence of a clear relationship between environmental variables and abundance is likely due to the high variability in both data sets. Abundance may also have been influenced by additional factors not assessed in this study, such as sub-ice topography (Melnikov 1987) , rate of ice growth and melt (Legendre et al. 1991) , distance from the edge of the ice floe (Ambrose et al. 2005) , different sediment loads ) and the local ice conditions in the days prior to sampling. The abundance of ice algae greatly exceeded phytoplankton abundance. Phytoplankton abundance was very low throughout the spring and did not significantly increase from the period of ice growth to ice melt. Abundance was three orders of magnitude below levels previously recorded in the water over the Bering Sea shelf in May during the spring bloom (Taniguchi et al. 1976) . Although the spring ice-edge phytoplankton bloom typically begins the last week in April in the Bering Sea (Sigler et al. 2014) , the cold springs in 2008 and 2009 retarded the development of the bloom, postponing it until late May and early June based on chlorophyll a concentrations (Sherr et al. 2013) . The key drivers of phytoplankton blooms in subarctic and Arctic seas are sufficient light for algal growth and sufficient stratification to maintain cells at the surface, both of which are accomplished during ice retreat (Legendre et al. 1981 ). We did not encounter such conditions, and the mixed layer depth remained well below the 1 % PAR level during our study period (M. Lomas, unpublished data), which is consistent with the lack of decline in the water column concentrations of inorganic nutrients.
We found no evidence for large phytoplankton blooms under the Bering Sea ice cover, as described for the other Arctic regions (e.g., Gradinger 1996; Fortier et al. 2002; Arrigo et al. 2014 ). This can be linked to the absence of extensive networks of melt ponds on top of the ice, which can allow approximately four times the light penetration as compared to bare ice , and often result in large under-ice blooms (Mundy et al. 2014) .
Vertical flux of algal cells
The large vertical flux of algal cells beneath the ice increased significantly during the ice melt period. Prior to ice melt, most seasonally ice-covered regions have minimal vertical flux beneath the ice (e.g., Bauerfeind 1994; Michel et al. 1997; Olli et al. 2002) . The timing and intensity of the vertical flux depends mainly on meteorological conditions (Fortier et al. 2002; Michel et al. 2006) . The high vertical flux rate and low phytoplankton abundance during the period of ice growth in the Bering Sea indicate that the vertical flux relied on an input of cells from the ice into the water already prior to ice melt.
We suggest periodic ablation of the fragile bottom layer of the ice as mechanism of release of the ice biota. Ice algae occurred densely the lowermost millimeters of the ice, often in a loosely attached under-ice film (Ambrose et al. 2005) , so slight melting from the heat flux of tidal flow or ocean swells can easily dislodge cells (Pogson et al. 2011) . The accumulation of ice algae and subsequent conversion of solar radiation into heat may also cause local melting of the ice, also resulting in the release of ice algae into the water (Zeebe et al. 1996) .
This early spring vertical flux of cells provides a source of food for benthic organisms long before the phytoplankton bloom. The shallow Bering Sea shelf has tight pelagic-benthic coupling that supports large benthic communities (Grebmeier 1988) . Sediment oxygen uptake under full ice cover in March showed significant metabolic activity of benthic organisms, indicating that the Bering Sea benthos has an active community even in early spring (Cooper et al. 2013 ). This activity may be supported by the vertical flux of ice algae; flux rates of chlorophyll a in March were consistent with inventories of chlorophyll a extracted from surface sediments, which showed accumulations of up to 20 mg m -2 (Cooper et al. 2013) . The large amount of chlorophyll a in the surface sediments supports our observations that the majority of material sinking from the ice was in the form of ''fresh'' algal cells. In general, primary production is modified during its export from surface to benthos, and vertical flux can be composed of ungrazed algae, organic debris (e.g., empty frustules, detritus) and fecal pellets from zooplankton (e.g., Fortier et al. 1994) . Fecal pellets were rare in our samples, and empty diatom frustules contributed \20 % to the overall flux of cells during ice growth, and only 4 % during ice melt. Thus, the majority of algal production from the ice sank directly to the benthos without being reworked through the pelagic system, making it a high-quality food source.
The flux rate of algal cells during ice melt in the Bering Sea was of a comparable order of magnitude to other Arctic seas (e.g., Lalande et al. 2014) . While vertical flux patterns vary across the Arctic, there is consistently a large peak during ice melt and breakup, with flux rates increasing by several orders of magnitude from early to late spring (e.g., Bauerfeind 1994; Lalande et al. 2009 Lalande et al. , 2014 . As the highest flux in the Bering Sea was measured on the latest date sampled (May 2, 2009) when ice cover was still 75 %, it is likely that the vertical flux rate further increase later in the spring as ice melt progressed. The dynamics of vertical flux from sea ice are not yet well understood, as they are controlled by both physical (e.g., temperature, ice ablation, water column stratification; Thomas and Dieckmann 2003) and biological factors (e.g., zooplankton grazing, algal physiology as it affects sinking rate; Smayda 1970; Peinert et al. 2001) , and these drivers vary both regionally and seasonally (Peinert et al. 2001 ).
The fate of ice algae
The period of ice growth was characterized by an already high vertical flux rate, and a low and near-constant phytoplankton abundance; this required the release and export of ice algae into the water, which is further supported by the strong similarity in the species inventory in ice and water. However, the relative species composition in the ice and water differed during this period and there was no correlation between the two sample types. We interpret this difference through episodic release of ice algal cells during this period; the release (or seeding) is followed by the selection of ice species that were best adapted to growth in the water column, resulting in similar species inventories but different and uncorrelated proportions of each species for ice and water. The significantly higher proportion of centric diatoms in the water compared to the ice supports this theory, as centric taxa typically dominant the summer phytoplankton in the Bering Sea, although they play a minor role among the ice algae. The significantly lower proportion of N. frigida in the water than in the ice is also consistent; as a classically ice-associated species, N. frigida is rarely found among the phytoplankton.
During the period of ice melt, the relative species compositions in the ice and the water were the same and were significantly correlated, showing a stronger and more constant input of ice algae into the water than during ice growth. This merging of ice and water domains is characteristic of ice melt in seasonally ice-covered regions, marked by high vertical flux rates and a similarity between ice algal and phytoplankton species as the ice ceases to exist as a habitat and its contents are deposited into the water (Leu et al. 2015) . The fate of ice algae at this point can vary: Cells can sink to the benthos if they are unhealthy or prone to forming aggregates (e.g., Riebesell et al. 1991) ; they can be immediately grazed and channeled into the pelagic food web if there is high zooplankton activity (e.g., Durbin and Casas 2014); or they can remain viable in the water column and contribute to the phytoplankton by seeding the spring bloom (e.g., Haecky et al. 1998) .
We found that in the Bering Sea, a large proportion of this ice community was exported to the benthos, although we found no evidence for the formation of aggregates. The common rapid export of the Arctic sea ice diatom M. arctica (Boetius et al. 2013) was also absent in this study area. The majority of the vertical flux of algae was instead composed of chain-forming species such as Fragilariopsis spp., F. arctica and P. taeniata. The species composition of algae vertically exported was significantly different from the species composition in the overlying ice during the period of ice melt, which suggests that ice algal export is species specific. We found higher proportions of chainforming species in the traps and specifically higher proportions of N. frigida in the ice. One explanation for this difference is variation in the sinking rates of cells, which depends on their size, shape and physiology. On average, the sinking rate of a solitary diatom is *0.50 m day -1 (Eppley et al. 1967) . However, chains of cells can sink much faster: In some cases, a 10-cell increase in colony length can as much as quadruple the sinking rate (Smayda 1971) . Long colonies of Fragilariopsis spp. and F. arctica often exceeded 50 cells in length and therefore likely sank rapidly, resulting in their high proportions in the sediment traps.
An additional explanation for difference in species composition between the ice and the trap samples is preferential grazing; however, our evidence does not support strong grazing pressure during this study. Recent work has shown that some zooplankton species, such as Calanus glacialis, graze on released ice algae even during the early spring in the Bering Sea (Durbin and Casas 2014) ; however, we observed very few fecal pellets in our trap samples. The absence of fecal pellets could be the result of our exclusively daylight trap deployments, which missed the vertical flux from zooplankton undergoing diel vertical migration; it could be function of the high assimilation efficiency of Arctic copepods, which can be up to 90 % (Conover and Huntley 1991) ; or be the result of coprophagy or coprorhexy (Iversen and Poulsen 2007) . However, molecular analysis of C. glacialis' gut contents showed that the chain-forming diatom Fragilariopsis cylindrus was one of the copepods' dominant prey species, contradicting the pattern that we found in our samples, where diatoms of this morphology appeared in high proportions in the traps. Microzooplankton grazing can also be substantial in the sub-ice water of the Bering Sea; however, even these microherbivores have been found grazing on long chain-forming diatoms which often exceed their own length (Sherr et al. 2013 ), so it is unlikely that the accumulation of these cells in the traps is due to preferential grazing on other cells.
Neither sinking rates nor preferential grazing explains the low proportions of N. frigida found in the trap samples relative to those from the ice. Furthermore, our data show that N. frigida did not seed the phytoplankton. However, a similar study in Baffin Bay in 2002 found the same low proportions of this species in sediment traps as compared to in the overlying ice . It is possible that this difference is due to the dissolution of cells in the surface water, which has been shown to bias sediment trap collections in some regions (e.g., Leventer and Dunbar 1987) ; however, there is no evidence for silica dissolution in the subarctic Pacific even over much greater depths than those sampled in this study (Takahashi 1986 ). Instead, it is possible that when it senesced in the water column, N. frigida dissociated from its characteristic branching colonies into solitary cells. Those cells are difficult to identify using light microscopy and were likely counted among unknown pennate cells, resulting in an underestimate of the proportion of N. frigida in the traps.
Our study did not capture the spring phytoplankton bloom, but we found evidence that supports ice algal seeding of the phytoplankton by some species. The high degree of similarity between ice algae and phytoplankton species inventories indicates that phytoplankton likely originated in the ice, while the changing proportions of certain species-in particular, the increased proportion of centric diatoms in the water versus the ice-suggest that some species quickly outcompete others upon being introduced to this new habitat. Our direct evidence is supported by the timing of the spring bloom, which matches that of the receding ice in the Bering Sea (Alexander and Chapman 1981) , as well as model forecasts of primary production in the southeastern Bering Sea, which were more predictive when ice algal seeding was incorporated in the ice-edge bloom (Jin et al. 2007 ). Future studies should include the development of the spring phytoplankton bloom to complete the picture of ice algal and phytoplankton dynamics that we present here.
Understanding the fate of ice algae in the Bering Sea is important as changing ice conditions will likely alter these dynamics. Thinning Arctic ice has been shown to alter the species composition of ice algal communities in some Arctic regions (e.g., Melnikov et al. 2002) , which influences the ultimate fate of the ice algae to the extent that this fate is species specific. Unlike most Arctic seas, where sea ice is declining rapidly, there has so far been no decrease in annual sea ice extent in the Bering Sea , although studies indicate that ice melt is occurring earlier on average over the past decades (Markus et al. 2009 ).Much of the ice growth in the Bering Sea is driven by cold northerly Arctic air creating a ''conveyor belt'' of ice production in northern polynyas and then advecting it south across the shelf (Pease 1980) . As Arctic air temperatures are rising at twice the global rate (Pachauri and Reisinger 2007) , northerly winds continue to warm, which may ultimately affect the development of Bering Sea ice. Climate models show that with increases in atmospheric CO 2 and the associated increase in temperature, ice extent could be reduced in the Bering Sea by as much as 400 km and ice melt would likely occur much earlier in the spring (Lee et al. 2012) . Our knowledge of the dynamics of ice algae in the Bering Sea will be essential to understanding and predicting the accompanying changes to both pelagic and benthic ecosystems.
